We presented and evaluated two deformable modelbased approaches, region plus contour deformation (RPCD), and level sets to extract metastatic cervical nodal lesions from pretreatment T2-weighted magnetic resonance images. The RPCD method first uses a region deformation to achieve a rough boundary of the target node from a manually drawn initial contour, based on signal statistics. After that, an active contour deformation is employed to drive the rough boundary to the real nodeYnormal tissue interface. Differently, the level sets move a manually drawn initial contour toward the desired nodal boundary under the control of the evolvement speed function, which is influenced by image gradient force. The two methods were tested by extracting 33 metastatic cervical nodes from 18 nasopharyngeal carcinoma patients. Experiments on a basis of pixel matching to reference standard showed that RPCD and level sets achieved averaged percentage matching at 82Y84% and 87Y88%, respectively. In addition, both methods had significantly lower interoperator variances than the manual tracing method. It was suggested these two methods could be useful tools for the evaluation of metastatic nodal volume as an indicator of classification and treatment response, or be alternatives for the delineation of metastatic nodal lesions in radiation treatment planning.
INTRODUCTION
R egional lymphatic metastasis is very common in patients with head and neck squamous cell carcinomas (HNSCC). Some HNSCC, such as nasopharyngeal carcinoma (NPC), have a high degree of regional spread at presentation, although the primary tumor may have the appearance of a small or early lesion. 1 Neck nodes are currently radiologically N-classified by largest transverse diameter, the number of nodes, and unilateral or bilateral involvement. 2 Recent studies suggest that metastatic nodal volume be an important prognostic factor in the treatment of HNSCC.
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Therefore, it is important to accurately delineate lymph node boundary, in computer tomography (CT) or magnetic resonance (MR) images, to measure the nodal volume for the purposes of prognosis and monitoring treatment response over time. In addition, accurate delineation of metastatic nodal lesions is also a crucial issue in the treatment planning of neck irradiation, especially in the application of intensity modulated radiation therapy where tight margins around the lesions can be prescribed with highly conformed pattern of dose distribution.
Nowadays, the contouring of metastatic lymph nodes is still manually done in medical practice by diagnostic radiologist or radiation oncologist 1 using a set of axial diagnostic CT/MR images or planning CT images. Most studies on head and neck tumor or nodal volume are CT-based, where volume measurements are determined by summation-of-area technique. It is a tedious, labor-and time-consuming procedure with considerable intra-and interoperator variance (IV), and the accuracy of the manual contouring may highly depend on the operator_s experience. Honea et al. 6 reported the use of active contours to segment lymph nodes from CT images. The contour initialization and search strategy were improved for better performance, but the results could still be affected by local image gradients and artifacts. Teng et al. 7 developed a method for automatically selecting and adapting standardized regions of cervical lymph nodes and microscopic spread of disease, together with CT image registration. To our knowledge, there is still no study on computerized lesion delineation for metastatic lymph nodes based on MR imaging. In addition, several separated nodal lesions (multiple cervical nodes with bilateral involvement) may exist in the same image, which traditional object extraction methods cannot handle within one single procedure.
In this paper, we present two deformable model-based approaches, region plus contour deformation (RPCD) and level sets, for the extraction of metastatic cervical nodal lesions from pretreatment coronal T2-weighted (T2W) MR images. The extraction accuracies and interoperator reliabilities of the two methods were also evaluated using MR images from 18 NPC patients, with the comparison to the reference standard (RS) drawn by an experienced radiologist. The development of robust nodal extraction techniques is aimed at providing an efficient and consistent way for nodal classification and quantitative assessment of treatment response, as well as providing a useful tool to facilitate future automatic treatment planning system, with the fusion of CT/MR images.
The remainder of the paper is organized as follows: The mathematic fundamentals of RPCD and level sets methods are described in the BOBJECT EXTRACTION METHODS^section. Data acquisition, experiments and data processing are introduced in the BDATA AND PROCESSINGŝ ection, followed by the BRESULTS^section. Finally, we discuss the algorithms with achieved results and give conclusions.
OBJECT EXTRACTION METHODS

RPCD
The RPCD method is an improvement of the active contour model, 8 with a region deformation procedure in advance. For classic active contour model, edge information (gradient) and contour smoothness are used to drive a contour for object boundary location. However, the high gray level gradient of the image may be because of object boundary as well as noise and object texture, and therefore the optimization functions may have many local optima. Consequently, the initial contour is required to be Bclose enough^to the real boundary. One solution is to use a region deformation before the contour deformation (active contour model), as region information provides more regional constraints on the boundary and the region model can tolerate certain noise and textures. 9 An object can be regarded as a region that is homogeneous in some properties and its boundary can be considered as a subregion of the object that borders other objects. The property with some disparities between an object and its surrounding area should be chosen to identify the object. The goal of region deformation is to find a region of maximum area whose boundary has the same properties as the region, based on an initial estimation of the object. Therefore, a property disparity between a region and its boundary, and the area information of the region can be used to make the judgment. 9 In this study, the grayscale statistical distribution of fat suppressed T2W MR images was chosen as the discrimination parameter as the lymph node has a high contrast to the surrounding tissues such as muscles and fat.
Let I be the pixel set of an image, iZI be a pixel; g i is the grayscale of i with 0eg i e255. An object in the image can be described as a homogenous region O, and the boundary of O is a simple closed curve B. As the nonparametric KolmogorovYSmirnov (KS) test can test if two sets of probability distribution belong to the same particular probability distribution, it was used in this study to test whether the boundary pixel set and the object pixel set have the same grayscale distribution. The KS distances D is defined as
where F B and F O are the grayscale cumulative frequency distribution functions of B and O, respectively. A lower case d, which depends on the pixel numbers of B and O, is defined as
where c is the test significance level, A is the number of pixels form O, and L is the number of pixels form B. The hypothesis F B =F O is only accepted when Ded.
After putting an initial contour and calculating the KS test using Eqs. 1 and 2, two morphological operations are used to deform the region for the final converge of the region to meet F B =F O , based on the different results of the KS test. If D9d, the region plan covers a region somewhat different from the desired object and a shrinking operation is used to deform the region by shrinking the current contour inward for one pixel. However, not all boundary elements need shrink inward, but only those that have a different property within the region. Figure 1 shows how to determine which boundary elements should be deleted. Here, O is the object, B is its boundary, and j is a pixel of B. A small window W j is set with j being the center. If the grayscale distribution of W j is close to that of O, j is kept; otherwise it is deleted. The shrinking operation is performed till DGd. When DGd, the region plan may exactly cover the actual object or may be completely inside the object and not cover the whole object. Because of this kind of possibility, a growing operation is performed such that the current contour will grow outward for one pixel till D9d. In the implementation, an initial contour was put totally inside or outside the actual object, or to partly cover the actual object, and the KS test was performed. There might be two results: (1) If initially D9d, the shrinking operation was performed till DGd. Then a cycle of growing operation was performed. After an iteration containing one growing operation and one shrinking operation, the new region area was compared with the previous one. The process stopped if the region area did not change. (2) If initially DGd, the growing operation was performed till D9d following the steps as described in (1) .
The extracted boundary after region deformation is a rough contour of the real object boundary as the region deformation ignores the actual object boundary and smoothness but keeps the local shape constraint of the object from the statistics measure of the whole object. Hence, the extracted boundary is locally different from the real boundary and it is further refined by the contour deformation using a fast snake (active contour) method.
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Level Sets
Also, as a geometric deformable model, the level sets embed the initial position of a curve as the zero level set of a higher dimensional function. Then, instead of moving the curve, the hypersurface function is moved to expand, shrink, rise, and fall to track the motion of the curve, driven by its speed function correlated with the image gradient force. 11, 12 In addition, level sets have the ability to extract shapes in concave regions and with changes in topology. The principle of level sets can be described as below:
Let C(p,t), defined as {x(p,t), y(p,t)}, denote a family of closed contours generated by moving an initial contour C 0 (p) in the direction of its Euclidean normal inward vector N, 13 as shown in Figure 2 . Assuming the speed of the curve movement is a scalar function F of the contour curvature K, the evolution equation can be written as
To solve the above evolution equation, the level set method represents the contour C(p,t) implicitly as the zero level set of a smooth, continuous scalar function, known as level set function, where x,yZR 2 . 14 This implicit contour at any time t is given by C p; t ð Þ ¼ x; y È x; y; t ð Þ¼0 j f g : Taking derivation of F(x,y,t)=0 with respect to time and space, the following partial differential equation can be derived from Eq. 3
where l is the gradient operator and |lF| denotes the gradient norm. Thus, a connection is established between the family of the moving curves C(p,t) and the family of evolving level set surfaces F(x,y,t).
To use the level sets to detect object in images, the speed function F(K) should be multiplied with stopping criteria to make the level sets stop evolving when the contour is approaching near the actual object boundary. This stopping criteria are usually defined as
where E I x; y ð Þ ¼ rG * ' I x; y ð Þ is defined as the gradient of a Gaussian filter convoluted with the image I. For the original speed function with the form F K ð Þ ¼ C À "K , the new one after multiplication is expressed as
where C is an image-dependent balloon force added to control the contour to flow inward (or outward) and ( is a positive constant term as the weight. In the implementation, C is often set to be +1 or j1, hence the speed function F is a function of contour curvature K as well as the image gradient. When the contour is close to the actual object boundary, the speed function will be close to 0, resulting in the stop of the evolution process.
DATA AND PROCESSING
MR Images for Testing
This study, approved by the Ethics Committee, included 149 coronal T2W fat-suppressed MR images (fast spin echo sequence; repetition time range 4,000Y5,800 ms; echo time range 85.3Y94.1 ms; image size 256Â256 pixels; field of view 210Y240 mm; and slice thickness 5 mm without gap), from 18 histologically confirmed adult NPC patients who had MR imaging (1.5 T scanner, Signa, GE Medical Systems, Milwaukee, WI, USA) performed for staging before radiation therapy.
Experiments
Two head and neck radiologists (operator 1, 14 years of experience; operator 2, 10 years of experience) independently performed the manual tracing task in coronal T2W images for nodal lesions, using a graphic user interface developed by this group on a PC work station. The radiologists could, however, refer to images of other planes or sequences acquired in the imaging protocol to aid in the accurate delineation of lymph nodes. Both of them followed a common protocol: For each patient, the cervical and retropharyngeal lymph nodes whose axial largest diameters are more than 1.0 cm were selected for measurement; If two or more nodes are in contact with each other, the entire mass is considered as one node for the purpose of delineation; However, enlarged retropharyngeal nodes that cannot be separated from primary tumors were excluded. According to this protocol, two Ph.D. students independently performed computerized extraction using both RPCD and level sets algorithms, by giving initial contours. For images with several lesions in the same lateral, each node needed an individual initial contour when using deformable RPCD, whereas only one contour was needed when using level sets. All extraction results were recorded for analysis. 
Evaluation Data Analysis
Algorithm evaluation was performed at pixel level for extraction accuracy and interoperator reliability.
Extraction accuracy: The BRS^of metastatic nodal lesions, against which computerized extraction results could be compared, was from the manual tracing results done by operator 1. The following were calculated: true positives (TPs, RS pixels found algorithmically), false positives (FPs, pixels isolated as lesion but not within RS), and false negatives (RS pixels not found algorithmically). Two measures, percentage matching (PM) 15 and Jaccard measure (JM), were calculated as follows:
An ideal PM value is 100% while a value of 0 indicated that there is a complete miss. Considering the importance of FPs, the JM compares the isolated lesion with the summation of RS and FPs in size and location.
Interoperator reliability: IV shown in Eq. 9 was used to estimate the interoperator reliabilities of manual tracing and two computerized extraction algorithms.
where IV X is for IV of method X (manual tracing, RPCD, or level sets), A X1 is extracted or traced nodal mass obtained by operator 1 and A X2 is that obtained by operator 2 on the same image; A X 1 \ A X 2 is the overlap of A X1 and A X2 while A X 1 [ A X 2 is the merging of A X1 and A X2 . A value of 0 shows the perfect reliability while a value of 1 shows no reliability. In the implementation, lesion regions identified by means of computerized extraction were compared with RS at the pixel level on a per slice basis, whereas the comparisons of PM, JM, and IV values between methods or operators were based on total volume of per lymph node or lymph node mass. The nonparametric Friedman_s test was used to evaluate the (1) differences in both PM and JM between the two computerized extraction methods, and (2) interoperator variations of both PM and JM between the two operators of computerized extraction. Moreover, we compared IVs from the various methods by means of multiple Wilcoxon rank-sum tests. All statistical results were calculated using Matlab 6.5 (The MathWorks Inc., Natick, MA, USA). Differ- ences with pG0.05 were considered significant for Friedman_s tests, whereas for the Wilcoxon ranksum test, pG0.01 was considered to be statistically significant to correct for multiple comparisons.
RESULTS
RPCD and level sets methods were evaluated using 149 MR images containing 33 enlarged lymph nodes from 18 NPC patients. Examples of extraction results using RPCD and level sets are shown in Figures 3 and 4 , respectively.
The computerized nodal lesion extraction evaluated by PM and JM values is presented in Table 1 and Figures 5 and 6 , respectively. The Friedman_s test on PM shows that level sets extracted significantly more TP areas than RPCD p ¼ 1:67Â ð IV M , IV R , and IV L : interoperator variances of manual tracing, RPCD, and level sets, respectively.
Fig 7. The distribution of interoperator variance (IV) of manual tracing (M), RPCD (R), and level sets (L).
10
À5 Þ, but no significant difference existed between the TP areas from two operators (p=0.727). On the other hand, JM obtained by level sets was significantly lower than that obtained using RPCD p ¼ 4:46 Â 10 À5 À Á , and these was also no significant difference between the JMs from two operators (p=0.362). This means that level sets also extracted much more FP regions than RPCD. Table 2 and Figure 7 show the distribution of IVs from the various methods. The averaged IV of RPCD is significantly lower than that of manual tracing (p=0.003). Level sets also achieved significantly lower IV than manual tracing p ¼ 1:836 Â 10 À6 ð Þ . Comparing IVs from level sets with the ones from RPCD, we found that level sets obtained lower IV, but there was no statistical significance (p=0.018).
DISCUSSION
Lymph node metastasis is an important prognostic factor in the treatment of HNSCC. A single nodal metastasis, regardless of location or size of the primary tumor, may reduce the prognosis of a patient by one half. 16 Over the last few decades much effort was expanded in identifying the imaging features of tumor bearing lymph nodes, 17Y19 and how these nodes could be classified and unified with the system used by surgeons. 20 Investigations in recent years have pointed out the importance of nodal volume as an additional prognostic factor. 4, 5 This has stimulated an interest in the quantitative analysis of lymph nodes bearing metastases. Manual extraction of metastatic nodal lesions mainly involves the tracing of nodal outlines. Whether this process is done by a radiologist or by a technologist, there is always an important element of subjectivity in determining the nodal boundary, therefore resulting in both intra-and interoperator variations. 21 Moreover, radiation therapists also need to draw the contours of lymph nodes in axial or coronal plan for treatment planning. With the increasing adoptions of 64-slice CT systems, the burden of lesion and organ-at-risk contouring will increase dramatically. Hence, the adoption of computerized methods for efficient lesion extraction and intra-and interoperator variation reduction is extremely important if lymph node contouring becomes an established procedure in lymph node classification, treatment planning, and the monitoring of treatment response. Currently, the focus is on the computerized segmentation of primary tumor of HNSCC whereas nodal metastasis determination is relatively neglected.
The RPCD method was implemented by a region deformation followed by a succeeding contour deformation (active contour) to locate the boundary of nodal lesions from an initial contour. The region deformation procedure is actually a constrained optimization problem in which maximizing the region area is the objective, with the region and its boundary having the same grayscale distribution as the constraint. In this procedure, the drive force of deformation is from the image statistical information, not from the edge information. In most situations, we found that a majority of the resultant contour after region deformation was located inside the lesion but within 2 pixels to the actual lesionYnormal tissue interface. For a few cases, the resultant contour even got an ideal lesion boundary. Therefore, region deformation provided a good initialization for the following contour deformation and the implemented fast snake (active contour) reached its local energy minimization within a few iterations, leading to the final tight boundary. This method can eliminate the Bfake^boundary caused by noise, artifacts, and other sources (for example, the adjacent vascular structures in this study), but it cannot deal with multiple lesions in one operation. The resultant averaged PM reflecting the ratio of isolated TPs to RS from 82Y84% is reasonable, as the tendency of manual tracing that approximates the tumor margin with a smooth and loose curve was reported before 22, 23 and was also observed in this study (Fig. 8) .
By using level sets, we can extract lymph nodes with the averaged PM at 87Y88% that was significantly higher than the RPCD method. On the other hand, level sets obtained much more FP regions than RPCD, leading to the low averaged JM. A nodal boundary extracted by level sets is shown in Figure 8 , where a majority of the contour is several pixels but consistently outside the actual boundary. This may be explained as follows: The evolution speed of level sets contour is driven by the contour curvature and image gradient. As long as the gradient information of nodal lesions is strong enough, level sets curve can extract the desired lesions correctly. In this study, a Gaussian filter was applied before the extraction of image gradient to partially remove the noise and artifacts that may cause false detections, but it also blurred the relatively distinct interface between lymph nodes and muscle as well as the suppressed fat. Furthermore, the stopping criteria shown in Eq. 5 have an exponential operation on the image gradient. Consequently, when level sets contour approached but still did not reach the real boundary, the enhanced stopping criteria would lower the evolution speed of level sets contour and finally stop contour evolution at a certain position. Sometimes the enclosed lymph node included either part of the internal jugular vein, which is in contact with the target lesion or small lesions that are adjacent to but separated from the target lesion. Level sets, because of the overcontouring property, may not be ideal for prognosis-oriented lymph node extraction that requires accurate boundary outlining, but it may be a good choice for treatment planning as for radiation therapy; the microscopic target area, which surrounds the target lesion but shows normal signal in images, needs sterilization as well.
Some NPC patients have multiple nodal metastases on one or both laterals of the neck. Owing to the favorable advantages of level set framework, multiple lesions on one lateral can be extracted simultaneously and human intervention can be reduced. By placing an arbitrary initial contour covering all lesions in one lateral, level sets curve can separate itself into several small contours and evolve toward each lesion, as shown in Figure 4 . Having this distinguishing merit, level sets could in fact handle multiple lesions on both laterals of the neck. Nevertheless, in this application the high and intermediate signal from spinal fluid, spinal cord, and vertebra at the central part of the image hampered this ability.
For a computerized lesion contouring tool to be accepted for routine clinical use, it should reasonably have reliable interoperator consistency. For this work, the IVs in the semiautomatic methods originated from manually initialized contours for deformation because different initial contours could generate different final contours. Demon-strating significantly lower IVs in this study, both RPCD and level sets effectively reduced the level of operator dependence compared with that with manual method. For further attempts to reduce IV, either global object detection with shape prior information or automatic initial contour generation with image filtering can be considered.
In this study, fat-suppressed T2W sequence at coronal plane was selected for lesion extraction because (1) there was relatively good contrast between the intermediate signal intensity of lymph node against a background of low-signal intensity muscle and suppressed fat signals, and (2) we have observed in our patients the tendency to have many nodes strung out along the neurovascular bundle, hence, there were fewer slices to perform the lesion extraction work under such circumstance, compared with axial sections. In T2W images, both metastatic nodal tissue and central necrosis show high signal intensity. We have not attempted to exclude necrotic areas during nodal volume measurement.
CONCLUSION
The delineation of cervical nodal lesions has clinical significance in the treatment of HNSCC. Because of the inherent defects of manual outlining, reliable computerized methods for automated lymph nodes boundary extraction are desirable. Two approaches, RPCD and level sets, were presented and evaluated using clinical MR images for nodal boundary extraction. The integration of testing indicators suggested that the RPCD method could be a robust tool to extract nodal lesions for nodal volume-based disease classification while level sets could be more suitable for treatment planning-oriented nodal boundary extraction. After further development, such tools may eventually be used during clinical trials or cancer treatment, for N-staging, quantitative monitoring of metastatic node response, and treatment planning. 
